Process simulation and optimization of agro-systems by DNDC model by Cui, Jinyue
  
 
Process simulation and optimization of Syngenta agro-systems 
by DNDC model 
Jinyue Cui 
Department of Chemical Engineering, Imperial College London, London,          
SW7 2AZ, UK 
Corresponding address: jinyue.cui17@imperial.ac.uk 
Abstract 
        Many people are still facing hunger and the global food shortages is still an urgent 
problem. Meanwhile, global warming is still severe. Therefore, we propose a 
simulation-based optimization approach for improving crop yield and reducing the 
greenhouse gas emissions (GHG) of agriculture system. Using the experimental data 
provided by Syngenta France, we simulated and verified the crop yield and 
carbon/nitrogen cycle with Denitrification-Decomposition (DNDC) model. A set of 
empirical equations of DNDC model were selected and implemented in gPROMS for 
obtaining the optimal solution of fertilizer usage. A case study shows that the optimized 
framework improves crop yield by 18%, when 72.42kg  N/ha  urea was used. 
Meanwhile the GHG emission of the system was reduced by 10%. The results show the 
necessity of optimal planning and usage of fertilizer in agriculture system. 
Key words: DNDC, crop biomass, simulation-based optimization, carbon and nitrogen 
cycling.  
  
  
Introduction 
About 31 million of the 148 million square kilometres of land on Earth is arable 
at present, and the arable land is being lost at a rate of 100000 square kilometres per 
year. The world’s population has reached 7.7 billion up in Early 2019[1]. Experts 
believe that the global population will reach 9 billion according to the news reported by 
the Daily Express, when the food supply will not be able to meet the requirements of 
the newly added population. Despite the progress made in the past two decades, there 
are still 815 million people suffering from chronic hunger. 155 million children under 
age of five are suffering from chronic malnutrition and nearly 52 million suffer from 
acute malnutrition. Based on several factors mentioned above, raising crop yields has 
always been the focus worldwide. 
Compared with empirical approach in planting by Syngenta, process-based 
approach would provide more robust yield prediction by accounting for the 
environmental variables and carbon/nitrogen (C/N) biogeochemical cycles. The 
sources and flows of carbon and nitrogen and their feedback mechanisms are very 
complex in agroecosystem. These factors are more complicated under disturbance, 
because most of the causal relations are nonlinear. Simple empirical models cannot be 
applied for such complex systems to describe and predict, thus process-based modelling 
approach in agroecosystem is essential. In addition, plant growth in agroecosystem is 
affected by a series of variables, including climate conditions, soil properties, plant 
characteristics and anthropogenic activities (such as crop rotation, tillage, fertilization, 
manure amendment, irrigation and grazing)  [2]. Changing these conditions by 
empirical approach will spend higher cost and longer period, therefore, the advantages 
of process-based approach are obvious in this study. 
Through the simulation by a computer-based model, the experimental data can be 
compared with simulated result to validate the accuracy of the model, meanwhile, 
carbon and nitrogen cycle can be simulated to analyse the whole crop system. A better 
scenario to do the field operation can be found through the analysis of optimization 
problem so that process system engineering background knowledge can be used in this 
study.    
  
  
Biogeochemistry is cross-linked by many disciplines, and it focuses on cycles of 
chemical elements (especially C, N, P, S) relevant to biological activity. Scientists 
transferred these climate, soil, vegetation and human activities conditions into 
environmental factors and imported them into a mathematical model to simulate the 
whole ecological system, and therefore biogeochemical model was developed.  
Since the late 1980s, biogeochemical models have been gradually emerging and 
widely used prediction of influences caused by global climate change and human 
activities.Denitrification-Decomposition (DNDC) model is a process-oriented 
computer simulation model of carbon and nitrogen biogeochemistry in 
agroecosystems[3], it was developed by University of New Hampshire in 1992 to 
simulate the N2O emission from agricultural soil [4]. The model has incorporated 
empirical equations based on theoretical studies on physics, chemistry and biology. It 
is one of the most applicable biogeochemical models, which can be modified and 
applied to a specific country or regional environment condition. DNDC model has been 
intensively and independently tested by a wide range of researches to estimate the crop 
yield and greenhouse gas (GHG) fluxes.  
The whole DNDC model framework (see Figure 1) is divided into two main 
components.  One component contains three sub-models, including soil climate, plant 
growth and decomposition sub-models. The daily weather data, soil properties, 
vegetation conditions and farming practices will be transferred into soil environmental 
factors, such as soil temperature, soil moisture, pH, redox potential, etc. Soil climate 
sub-model consists of a series of soil physical formulations to calculate temperature 
and moisture in the soil profiles from daily meteorological data and vegetation 
conditions. The decomposition sub-model simulates the concentrations of substrates 
through climate, soil properties, vegetation and farming practices[5]. During 
decomposition, organic carbon, soluble carbon, ammonium and nitrate are produced 
and accumulative [4], [6]. Decomposition reactions occur in aerobic state. The plant 
growth sub-model calculates photosynthesis, respiration, distribution of photosynthesis 
product, water and N absorption according to plant species, daily radiation, temperature, 
soil moisture, soil nitrogen content and management (such as fertilizing, watering, 
ploughing, harvesting, grazing, etc.), to predict plant growth and development.  
  
 
Figure 1 Structure of DNDC model [7] 
 
The other component contains three sub-models, consisting of nitrification, 
denitrification and fermentation. This component aims to estimate various 
transformation rates of microorganism to C and N by soil environmental factors. 
Nitrification sub-model is to simulate the growth and death of nitrifiers in term of 
dissolved organic carbon and NH4
+ from decomposition, then to calculate the rate of the 
transformation from NH4
+ to NO3
−. In denitrification sub-model, a series of reduction 
reactions will be simulated, start with NO3
− , NO2
− , NO , N2O , finally to N2 . 
Denitrification usually occurs in oxygen-deficiency environment. In general, emission 
of N2O and N2  came from rainfall or irrigation event [8] . Fermentation sub-model 
simulates the production, oxidation and transmission of  CH4. The production of CH4 
is controlled by soil Eh, temperature, available carbon (such as dissolved organic 
carbon and CO2) and microbial biomass (microbes).   
Observing the trend of the DNDC simulation results is helpful to select the 
empirical formulations used to build dynamic model. However, in the dynamic system, 
the optimization problem contains some complex control problems. A suitable dynamic 
  
optimization method will give the solution. Therefore, direct method is selected, and it 
contain three main variants: direct simultaneous approach, direct sequential approach 
(single-shooting) and multiple-shooting approach.  
Direct sequential approach can be widely used in bioprocess, it discretizes or 
parametrizes only the control variables in the form of piecewise low order polynomials, 
and then a small-scale NLP optimization problem with ordinary differential equations 
(ODEs) or differential algebraic equations (DAEs) is carried out in the space of the 
discretized control variables[9], [10]. In this study, direct sequential approach is 
selected. 
The following formulations show the structure of direct sequential method. 𝑥(𝑡) 
contains state variables with the initial value 𝑥0. 𝑢𝑗(𝑡) are control variables. When use 
direct sequential method, only control variable 𝑢𝑗  is parametrized or discretized and 
becomes decision variable. Through the iteration, the value of 𝑢𝑗  is changed and the 
formulation (2) will be integrated. 𝑥(𝑡) will be calculated from its initial value. Then 
the objective function (1) and constraint (3) will be evaluated.  
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒: ∑ Φ
𝑛𝑠
𝑘=1
(𝑥(𝑡𝑘)) + ∫ 𝜑(𝑥(𝑡), 𝑢𝑗(𝑡), 𝑡)
𝑡𝑓
𝑡0
𝑑𝑡 (1) 
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 
𝜕𝑥
𝜕𝑡
= 𝐹 (𝑥(𝑡), 𝑢𝑗(𝑡)) ,           𝑗 = 1,2 … . 𝑁 (2) 
𝑥(𝑡0) = 𝑥0 
𝑔 (𝑥(𝑡), 𝑢𝑗(𝑡)) ≤ 0,           𝑗 = 1,2 … . 𝑁 (3) 
 
𝑢𝑚𝑖𝑛 ≤ 𝑢𝑗(𝑡) ≤ 𝑢𝑚𝑎𝑥 (4) 
 
 
 
  
  
Process description 
Optimization problem statement 
The biomass in grain pool represents the crop yield. To calculate the carbon 
biomass in the carbon cycle, the number of carbon pools should be defined.  From 
Figure 2, we can see seven carbon pools in the whole system. Analysing from the 
perspective of chemical engineering, each carbon pool can be regarded as a batch 
reactor.  
 
Figure 2 Structure of C dynamics 
Above the soil, the classification of carbon pools is based on different organs in 
a plant, including grain, leaf, stem and root. The distribution of carbon biomass is 
proportional in those four carbon pools. Each organ produces chemical energy by 
photosynthesis and consumes energy by respiration. 
Below the soil, the waste of organs is further decomposed into litter, meanwhile 
the greenhouse gas such as CO2 and CH4 will be produced and emitted into atmosphere. 
From the decomposition sub-model of DNDC, we can know that the residue produced 
by plants goes into litter pools to decompose. Based on this, three organic carbon pools 
exist below the soil. The main decomposition production of those three pools are CO2 
and dissolved organic carbon (DOC). The former will release in atmosphere or react 
with H2 to produce CH4. Part of DOC joins in CH4 production, and the other part of 
available DOC will be involved in denitrification or nitrification.  
  
Although nitrogen is the important nutrition for crops and urea can be used as a 
fertilizer to improve the crop yield, only less than 20% of applied nitrogen is used for 
crop growth and production. The no-applicable part of nitrogen may make an influence 
on environment. Therefore, when optimising the usage of urea to increase crop yield, 
the greenhouse gas emissions must be considered and regarded as a constraint. 
To maximize the crop yield, our objective function is to maximize the grain 
carbon pool in crop biomass, which can be formulated as (5): 
𝑚𝑎𝑥 ∑ 𝐶
𝑡 𝑔𝑟𝑎𝑖𝑛,𝑝𝑜𝑜𝑙,𝑡
(5) 
𝑝𝑜𝑜𝑙 ∈ 𝐵𝐼𝑂𝑀𝐴𝑆𝑆, 𝑡 = 1,2,3 … 365 
Total greenhouse gas from each pool are upper-bounded by the maximum 
allowed GHGs (𝑇𝐺𝐻𝐺𝑚𝑎𝑥), which is the constraint. The formulation is given in (6): 
∑ ∑ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝐺𝐻𝐺,𝑝𝑜𝑜𝑙
𝑝𝑜𝑜𝑙𝐺𝐻𝐺
≤ 𝑇𝐺𝐻𝐺𝑚𝑎𝑥 (6) 
Model formulations 
Carbon biomass:  
Some definitions should be introduced which are related to carbon biomass 
calculation.  
Gross primary productivity (GPP) is the amount of chemical energy as biomass 
that primary producers create in a given length of time [11]. For crop, the chemical 
energy usually comes from the photosynthesis.  
Net primary productivity (NPP) is the rate of energy value that can be used for 
plant growth and reproduction. The value of NPP is different between GPP and the 
plant respiration rate in different organs, which is shown in Equation (7). The 
accumulated net primary production is available for carbon biomass allocated to 
different organs.  
𝑁𝑃𝑃 = 𝐺𝑃𝑃 − 𝑝𝑙𝑎𝑛𝑡 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑠 ≈
𝜕𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝜕𝑡
(7) 
𝑡 = 1,2,3 … 365 
  
Where 
𝑁𝑃𝑃: net primary production rate (kg C/ha/day) 
𝐺𝑃𝑃: net primary production rate (kg C/ha/day) 
𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠: annual maximum total carbon biomass, (kg C/ha)  
𝑝𝑙𝑎𝑛𝑡 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑠: plant respiration rate (kg C/ha/day). 
 
𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 can be considered as the potential maximum biomass yield, 
which is the sum of potential maximum biomass yield of root, stem, leaf and grain.  
Potential grain yield is the optimum grain yield which could be reached by a crop 
in given environments [12]. The relationship between and potential maximum grain 
yield (𝑃𝑀𝐺𝑌) is shown in Equation (8) [13]. The fraction of biomass 𝐺𝑓 is the fixed 
value derived from literature.  
𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑔𝑟𝑎𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝐺𝑓 (8) 
Where  
𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑔𝑟𝑎𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠: potential maximum grain yield (kg C/ha) 
𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠: potential maximum biomass yield (kg C/ha) 
𝐺𝑓: the grain fraction of crop biomass C, fixed value.  
 
Potential grain yield is the optimum grain yield which could be reached by a crop 
in given environments[12]. The relationship between the potential maximum biomass 
yield (𝑃𝑀𝐵𝑌)  and potential maximum grain yield (𝑃𝑀𝐺𝑌) is given in Equation (9) 
[13].   
𝑃𝑀𝐵𝑌 =
𝑃𝑀𝐺𝑌
𝐺𝑓
(9)  
Where  
𝑃𝑀𝐺𝑌: Potential maximum grain yield (kg C/ha) 
𝑃𝑀𝐵𝑌: Potential maximum biomass yield (kg C/ha) 
𝐺𝑓: the fraction of crop biomass C, which is a fixed value. 
 
Crop potential maximum nitrogen uptake is the potential maximum nitrogen 
absorbed by organs of plant. It can be calculated by 𝑃𝑀𝐵𝑌, which the 𝐶: 𝑁 ratios in 
every organ are fixed value.  
𝑃𝑀𝑁𝑈 =
𝑃𝑀𝐵𝑌
𝑅𝐶𝑁
(10) 
Where  
RCN:C:N ratio, fixed value 
PMNU: potential maximum N uptake (kg N/ha). 
 
  
The deficit of water leads to the water-limited yield potential, and nitrogen 
deficiencies or other limited factors determine the actual yield [14]. The actual nitrogen 
uptake is limited by availability of nitrogen, including mineralization and fertilization, 
it is also related to the concentration of 𝑁𝐻4
+ and 𝑁𝑂3
+ in soil. The appropriate amount 
of nitrogen fertilizer plays an important role in improving the N availability to increase 
the actual crop yield. In this study, urea (CO(NH2)2) was used for the nitrogen fertilizer. 
The hydrolysis of urea produces NH4
+  to participate in a series of biogeochemical 
reactions. 
In this section, to consider the usage of nitrogen fertilizer only, we assume that 
the actual total carbon biomass is affected by nitrogen supply, and water stress factor 
can be regarded as a fixed value. In DNDC model, the nitrogen uptake is the central to 
determine the actual crop yield [13]. Based on DNDC plant growth sub-model, the 
relationship between the carbon biomass and nitrogen supply can be described as 
Equation (11).  
𝐶𝑎𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝐶𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ∗
𝑁𝑢𝑝𝑡𝑎𝑘𝑒
𝑁𝑑𝑒𝑚𝑎𝑛𝑑
∗ 𝑤𝑠 (11) 
Where 
𝐶𝑎𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠: actual maximum biomass yield (kg C/ha) 
𝑁𝑑𝑒𝑚𝑎𝑛𝑑: theoretical nitrogen needed by plant in a year, (kg N/ha), which is a fixed value 
varied from the type of crops 
𝑁𝑢𝑝𝑡𝑎𝑘𝑒: actual nitrogen uptake by crops in a year, (kg N/ha). 
𝑤𝑠: water stress factor.  
 
The daily gross photosynthesis is affected by the efficiency of CO2, water stress 
and nitrogen stress (soil water and nitrogen shortage leads to obvious inhibition of plant 
growth), etc. which is obtained using Equation (12) [15]. 
𝑃0 = (0.1 ∗
30
44
) ∗ 𝑓𝐶𝑂2 ∗ ∑ ∑ 𝑃(𝐿𝑖, 𝑡𝑗) ∗ 𝐿𝐴𝐼 ∗ 𝐷𝐿 ∗ 𝑤2𝑗 ∗ 𝑤2𝑖
3
𝑗=1
3
𝑖=1
 (12)                
Where  
𝑃0: daily gross photosynthesis (
g
m2
/d) 
𝑓𝐶𝑂2: efficiency of CO2 on photosynthesis, (1.023 for C3 plants and 1.03 for C4 plants)  [16] 
𝑃(𝐿𝑖, 𝑡𝑗): rate of gross photosynthesis at layer 𝐿𝑖 at time 𝑡𝑗 (kg CO2/ha/h) 
𝐿𝐴𝐼: leaf area index (m2 leaf/m2 land) 
𝐷𝐿 : day length (h) 
𝑤2𝑗, 𝑤2𝑖 : coefficient, ( 0.5– 0.151/2 ,  0.5, 1– 0.151/2  for w11, w12 and w13 . 1/3.6, 1.6/
2.3 and 1/3.6 for w21, w22 and w23, respectively) 
𝐿𝑖: leaf area index above layer 𝑖 (m
2 leaf/m2 land) 
  
𝐿𝐴𝐼: leaf area index (m2 leaf/m2 land) 
𝐷𝐿 : day length (h). 
 
The calculation of plant respiration rate is separated into two types: maintenance 
respiration rate and growth respiration rate. The maintain respiration (given in Equation 
(13)) is the energy required to maintain mature tissue biomass if the growth rate is 
zero[17].   
𝑅𝑚 = ∑ 𝑅𝑚𝑘𝑄10
𝑇𝑚−25
10 𝐶𝑘 (13) 
Where  
𝑅𝑚: maintenance respiration rate of the whole plant, (
g
m2
/d) 
𝑅𝑚k: crop growth respiration rate for organ k, (
g
m2
/d) 
Q10: usually conservative,  Q10 = 2 for crop 
𝐶𝑘: actual carbon biomass for organ k. 
𝑪𝑶𝟐 emission:  
Based on DNDC model, we can assume that the weight of soil in 0-10cm, 10-
20cm, 20-30cm and 30-40cm is 1000000 kg per hectare. In 40-50cm soil this figure is 
2000000 kg/ha because of gravity. Only 0-50cm soil is considered, the total weight of 
soil in every hectare is about 6000000kg. Based on the proportion of litter, humads or 
humus (default value in software), we can calculate the initial soil organic carbon. Table 
1 shows the values of fraction and initial SOC derived from DNDC. 
Table 1 Initial soil organic carbon partitioning 
 
Litter pool 
Humads pool Passive Humus pool 
Very labile Labile Resistant 
Fraction - - 0.0044 0.01 0.9855 
Initial SOC 
(kg C/ha) 
- -    26400𝐼𝑠𝑜𝑐      60000𝐼𝑠𝑜𝑐    5913000𝐼𝑆𝑂𝐶 
Specific 
decomposition 
rate (1/day) 
0.074 0.074 0.02 0.16 0.006 
 
Where 𝐼𝑠𝑜𝑐 is a fixed value varied from different soil types.  
  
Thus, the daily decomposition rate in three carbon pools is given in Equation (14), 
Equation (15) and Equation (16), respectively. The value of annual CO2 emission is 
equal to the mineralization of carbon in soil,  
𝑑𝐶𝑙𝑖𝑡𝑡𝑒𝑟
𝑑𝑡
= 𝜇𝐶𝑁𝜇𝑇 [𝑙𝑜𝑔 (
0.14
𝐶𝐿𝐴𝑌
) + 1] ∗ 0.02 ∗ 26400𝐼𝑠𝑜𝑐 (14) 
𝑑ℎ𝑢𝑚𝑎𝑑𝑠
𝑑𝑡
= 𝜇𝐶𝑁𝜇𝑇 [𝑙𝑜𝑔 (
0.14
𝐶𝐿𝐴𝑌
) + 1] ∗ 0.02 ∗ 26400𝐼𝑠𝑜𝑐 (15) 
𝑑𝐶ℎ𝑢𝑚𝑢𝑠
𝑑𝑡
= 𝜇𝐶𝑁𝜇𝑇 [𝑙𝑜𝑔 (
0.14
𝐶𝐿𝐴𝑌
) + 1] ∗ 0.006 ∗ 5913000𝐼𝑆𝑂𝐶 (16) 
Where 
𝑑𝐶𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝑑𝑡
 : total decomposition rate, (kg C/ha/day) 
𝑑ℎ𝑢𝑚𝑎𝑑𝑠
𝑑𝑡
: decomposition rate in humads pool, (kg C/ha/day) 
𝑑𝐶𝑙𝑖𝑡𝑡𝑒𝑟
𝑑𝑡
: decomposition rate in litter pool, (kg C/ha/day) 
𝑑𝐶ℎ𝑢𝑚𝑢𝑠
𝑑𝑡
: decomposition rate in passive humus pool, (kg C/ha/day) 
𝜇𝐶𝑁: C/N ratio reduction factor on decomposition 
𝜇𝑇: temperature reduction factor on decomposition  
𝐶𝐿𝐴𝑌: clay fraction in soil. 
𝑵𝟐𝑶 emission: 
The conversion from ammonium to nitrate will produce nitrous oxide, the 
conversion rate is shown in Equation (17).   
𝑁𝑂3
− = 𝑁𝐻4
+ ∗ 𝐹𝑁𝐻4+ ∗ (1 − exp(−2.5 × 10
−5 ∗ 𝑓1)) ∗ 𝑓2 ∗ 𝑓3 (17) 
𝐹𝑁𝐻4+ = [0.41 − 0.47 log(𝑁𝐻4
+)] ∗
𝑐𝑙𝑎𝑦
𝑐𝑙𝑎𝑦𝑚𝑎𝑥
(18) 
Where:  
𝑁𝑂3
−: 𝑁𝑂3
− concentration converted by ammonium (kg N/ha) 
𝑁𝐻4
+: ammonium concentration in soil (kg N/ha) 
𝐹𝑁𝐻4+: the proportion of absorbed 𝑁𝐻4
+ 
𝑓1, 𝑓2, 𝑓3: effect of temperature, water filled porosity and pH respectively 
𝑊𝐹𝑃𝑆: water filled porosity can be assume as 50% 
𝑇𝑠: soil temperature 
𝑝𝐻: soil pH. 
 
Based on the soil properties and concentration of nitrate, the emission of N2O can 
be calculated as Equation (19). 
  
𝑁2𝑂𝐸 = 6𝑒
−4𝑁𝑂3
− ∗ 2.7234.6−
9615
𝑇𝑠+273.15 ∗ 0.017𝑊𝐹𝑃𝑆 + 2
𝑇𝑆
20(1.3𝑒−3𝑐𝑙𝑎𝑦)(1 − 𝑊𝐹𝑃𝑆)(19) 
𝑪𝑯𝟒 emission: 
The fermentation sub-model in DNDC provides a reference to calculate CH4 flux. 
The emission of methane is the difference between the production and the oxidation of 
methane, which can be presented as Equation (20). [18] 
𝐶𝐻4𝐸 = 𝐶𝐻4𝑃 − 𝐶𝐻4𝑂 (20) 
𝐶𝐻4𝑃 = 0.47 ∗ 𝐶𝐶𝐻4 ∗ 𝑓𝑇𝑀 ∗ 𝑓𝐸ℎ ∗ 𝑓𝑝𝐻 (21) 
CH4O = 𝐶𝐻4𝑃 ∗ (0.5 + 0.5 ∗ 𝐴𝑒𝑟𝑒) (22) 
Where 
𝐶𝐶𝐻4: carbon pool for 𝐶𝐻4 production 
𝑓𝑇𝑀,  and: Eh and pH respectively,  
𝑓𝐸ℎ: the factor of Eh, 𝑓𝐸ℎ is approximately equal to 1 
𝑓𝑝𝐻: the factor of pH 
Aere: aerenchyma factor 
𝑃𝐺𝐼: plant growth index. 
Total greenhouse gas fluxes: 
The units of  N2O ,CH4 and CO2 are different. To unify the units and calculate the 
greenhouse gas fluxes. Global Warming Potential[19] is an index based on the well-
mixed GHG radiation characteristics used to measure the radiative forcing of a given 
well-mixed greenhouse gas unit mass in the current atmosphere, which is integrated 
over the selected time relative to carbon dioxide. The values of GWP for N2O and CH4 
are 298 and 25 respectively[20]. 
Thus, the net greenhouse gas fluxes can be formulated as Equation (23). 
∑ ∑ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝐺𝐻𝐺,𝑝𝑜𝑜𝑙𝑝𝑜𝑜𝑙𝐺𝐻𝐺 =
44
12
𝐶𝑂2𝐸 +
44
12
∗ 25𝐶𝐻4𝐸 +
44
14∗2
∗ 298𝑁2𝑂𝐸  (23) 
Result and discussion 
Collected and input data: 
In this study, we cooperated with Syngenta to simulate the growth of sunflower 
from 2006-2010 using DNDC model, all the climate data and field operation records 
were collected from Syngenta.  
  
Sunflower was planted in Aspech-le-Bas, a site in France. According the latitude 
(47.75N) and longitude (7.16E), the soil properties were obtained through HWSD 
database [21]. The soil properties are given in Table 2, and Table 3 shows the type of 
input climate data. Table 4 presents the parameters of sunflower (the maximum biomass 
yield provided by Syngenta).  
Table 2 Soil properties in Aspech-le-Bas 
Soil properties  
Land-use type Upland crop field 
Soil texture Loam 
Bulk density 1.4121 g/cm3 
Field capacity 0.49 
Willing points 0.22 
Clay fraction 0.22 
Porosity 0.451 
Hydro-conductivity 0.02502m/h 
 
Table 3 Input climate data 
Input climate data type Unit 
minimum temperature ℃ 
maximum temperature ℃ 
mean temperature ℃ 
Precipitation cm 
Wind speed m/s 
Solar radiation MJ/m2/day 
Humidity % 
 
 
 
 
Table 4 Sunflower parameters 
Parameter type Value 
Maximum biomass 
production, kg C/ha/𝑦𝑟 
Grain 3000 
Leaf 2500 
Stem 2500 
Root 2000 
  
Biomass fraction 
Grain 0.3 
Leaf 0.25 
Stem 0.25 
Root 0.2 
Biomass C/N ratio 
Grain 28 
Leaf 25 
Stem 75 
Root 19 
Optimum temperature, ℃ 28.5 
 
The record of field operations in 2009 (such as irrigation, fertilization) is given in 
Table 5. In this study, we assumed that sunflower was planted on 7th May and harvested 
on 7th October every year.   
Table 5 Field operations in 2009 
Date Field operation type 
7th May planting 
10th July first irrigation, 20mm water 
13th July fertilization, 50 kg n/ha urea 
20th July second irrigation, 30mm water 
7th October harvesting 
DNDC-projected yield vs empirical yield: 
To test the applicability of DNDC model to the sunflower field in this area, the 
DNDC simulated biomass yield were compared to the actual biomass yield provided 
by Syngenta. As presented in Figure 2, yellow, orange, green and red lines represent 
the total biomass yield, grain yield, stem/leaf yield and root yield respectively. The 
simulated biomass yield varies from 4000kg to 5500kg in the five years, which showed 
good agreement with average yield tested in 13 areas between 2009 and 2010 (dark 
blue dashed line in figure). The grain yield (sunflower seed yield) is within 1200kg to 
1500kg. The curves of stem yield and leaf yield are similar due to same value of carbon 
allocation in sunflower.  
  
 
Figure 2 DNDC-simulated C biomass vs actual biomass 
DNDC-simulated daily carbon fluxes: 
Daily carbon fluxes derived from DNDC simulation include gross primary 
production (GPP), plant respiration (leaf/stem/root respiration), net ecosystem 
exchange of carbon (NEE) and soil heterotrophic respiration, which is given in Figure 
3, Figure 4, Figure 5 and Figure 6. 
 
Figure 3 DNDC-projected daily GPP fluxes over 5-year sunflower cycles 
Compared with leaf or stem respiration rate, root respiration rate was much higher 
all the time. 
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Figure 4 DNDC-projected plant respiration fluxes over 5-year sunflower cycles 
In Figure 5, DNDC projected NEE fluxes in negative values, which means the 
net ecosystem CO2  exchange. NEE simulation shows the carbon sequestered in 
sunflower biomass and soil. 
 
Figure 5 DNDC-projected daily NEE fluxes over 5-year sunflower cycles 
Soil heterotrophic respiration uses organic or inorganic carbon in soil, it is often 
used to measure total soil microbes activity and assess soil fertility.  
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Figure 6 DNDC-projected daily soil-heterotrophic-respiration fluxes over 5-year sunflower cycles 
 
DNDC-simulated daily nitrogen fluxes: 
The daily NH3, N2O, NO and NO3
− fluxes are given in the Figure 7, Figure 8, 
Figure 9 and Figure 10 receptively. Figure 7 shows the relationship between the NH3 
fluxes and the maximum temperature. The NH3 emissions and maximum temperature 
reach a peak simultaneously, and those two curves have the similar trend.   
 
Figure 7 DNDC-projected daily NH3 fluxes over 5-year sunflower cycles 
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From Figure 8, Figure 9 and Figure 10, it can be seen that the peak of N2O, NO 
and NO3
− fluxes occurs when the rain events come. It can be explained by the existence 
of anaerobic environment in soil.  
 
Figure 8 DNDC-projected daily NO fluxes over 5-year sunflower cycles 
 
Figure 9 DNDC-projected daily N2O fluxes over 5-year sunflower cycles 
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Figure 2  DNDC-projected daily NO3 fluxes over 5-year sunflower cycles 
gPROMS-simulated result: 
In this section, the empirical formulations were modelled in gPROMS. The time 
period was set as 155 days (start with 127th day and end with 282nd day in a year based 
on the provided data). The field operation data was same as Syngenta input data, the 
climate data was collected by the year of 2006 in Aspech-le-Bas. The usage of urea is 
50kg/ha.  
The gPROMS simulated actual total carbon biomass can be seen in Figure 11. 
The simulated crop carbon biomass yield is 4222.46kg C/ha compared to 4400kg C/ha 
from DNDC model.  
 
Figure 11 gPROMS simulated total carbon biomass yield 
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The simulated greenhouse gas emissions results can be seen in Figure 12, to show 
the greenhouse gas fluxes more clearly, the results of three GHG emissions were 
transformed to CO2 equivalent value. The value of Net GWP is more than 
3500 kg CO2 equivalent/ha.  
 
Figure 12 gPROMS simulated greenhouse gas emissions 
gPROMS-optimized result: 
Compared with 50kg N/ha urea fertilized in the crop field, using 72.42kg N/ha 
urea will reach the maximum crop yield, which is 4989.89 kg C/ha. The grain yield is 
calculated as 1496 kg C/ha based on the biomass partitioning in the sunflower. Figure 
13 compares the optimization biomass yield and simulated biomass yield. It can be seen 
that the yield increases nearly 18% when select the better scenario.  
  
Figure 3   optimized biomass yield vs simulated biomass yield 
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Conclusion 
         A simulation-based optimization approach is proposed for increasing crop yield 
and mitigating GHG emission of agriculture system. The experimental data of carbon 
biomass nitrogen fluxes are highly correlated to the simulated result of a five years’ 
cycle obtained with DNDC model. In gPROMS dynamic optimization model, the 
small-scale NLP problem was solved by parametrizing the control variables. The 
optimization problem was effectively solved by the proposed direct sequential method. 
The result show that the crop yield can be improved by 18% and the GHG emission can 
be reduced by 10% with the proposed simulation-based optimization model. The 
proposed model can be a potential approach for optimal planning and usage of fertilizer 
in agriculture system. 
 
  
  
References 
Aber, J. D., & Federer, C. A. (1992). A generalized, lumped-parameter model of 
photosynthesis, evapotranspiration and net primary production in temperate and boreal 
forest ecosystems. Oecologia, 92(4), 463-474. doi:10.1007/BF00317837 
Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). Crop evapotranspiration-guidelines 
for computing crop water requirements-FAO irrigation and drainage paper 56. Fao, 
Rome, 300(9), D05109.  
Bader, F. G. (1978). Analysis of double‐substrate limited growth. Biotechnology and 
Bioengineering, 20(2), 183-202.  
Banga, J. R., Balsa-Canto, E., Moles, C. G., & Alonso, A. A. (2005). Dynamic optimization 
of bioprocesses: Efficient and robust numerical strategies. Journal of Biotechnology, 
117(4), 407-419.  
Blagodatsky, S. A., Yevdokimov, I. V., Larionova, A. A., & Richter, J. (1998). Microbial 
growth in soil and nitrogen turnover: Model calibration with laboratory data. Soil 
Biology and Biochemistry, 30(13), 1757-1764.  
Brown, L., Syed, B., Jarvis, S. C., Sneath, R. W., Phillips, V. R., Goulding, K. W. T., & Li, C. 
(2002). Development and application of a mechanistic model to estimate emission of 
nitrous oxide from UK agriculture doi://doi.org/10.1016/S1352-2310(01)00512-X 
Cassman, K. G., Dobermann, A., Walters, D. T., & Yang, H. (2003). Meeting cereal demand 
while protecting natural resources and improving environmental quality. Annual Review 
of Environment and Resources, 28(1), 315-358.  
Changsheng Li. (2009). The DNDC model.  
Changsheng Li, Steve Frolking, & Robert Harriss. (1994). Modeling carbon biogeochemistry 
in agricultural soils. Global Biogeochemical Cycles, 8(3), 237-254. 
doi:10.1029/94GB00767 
Evans, L. T., & Fischer, R. A. (1999). Yield potential: Its definition, measurement, and 
significance. Crop Science, 39(6), 1544-1551.  
Focht, D. D., & Verstraete, W. (1977). Advances in microbial ecology. alexander, M. 
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., . . . Myhre, G. 
(2007). Changes in atmospheric constituents and in radiative forcing. chapter 2. Climate 
change 2007. the physical science basis () 
Gardner, W. R. (1965). Movement of nitrogen in soil American Society of Agronomy. 
Ghuman, B. S., & Lal, R. (1985). Thermal conductivity, thermal diffusivity, and thermal 
capacity of some nigerian soils. Soil Science, 139(1), 74-80.  
Glasstone, S. (1951). Textbook of physical chemistry. 
Goodroad, L. L., & Keeney, D. R. (1984). Nitrous oxide emission from forest, marsh, and 
prairie ecosystems 1. Journal of Environmental Quality, 13(3), 448-452.  
  
Goudriaan, J., Van Laar, H. H., Van Keulen, H., & Louwerse, W. (1984). Simulation of the 
effect of increased atmospheric CO2 on assimilation and transpiration of a closed crop 
canopy. Wissenschaftliche Zeitschrift Der Humboldt-Universitaet Berlin.Mathematisch-
Naturwissenschaftliche Reihe, 33(4), 352-356.  
Grant, R. F. (1998). Simulation in ecosys of root growth response to contrasting soil water 
and nitrogen doi://doi.org/10.1016/S0304-3800(97)00221-4 
Haishun Yang, & Achim Dobermann. (2016). A simulation model for corn growth and yield 
ISRIC, I. (2012). JRC: Harmonized world soil database (version 1.2). FAO, Rome, Italy and 
IIASA, Laxenburg, Austria,  
Johansson, C., & Granat, L. (1984). Emission of nitric oxide from arable land. Tellus B: 
Chemical and Physical Meteorology, 36(1), 25-37.  
Kröbel, R. (2009). Validation and evaluation of the DNDC model to simulate soil water 
content, mineral N and N2O emission in the north china plain.  
Lashof, D. A., & Ahuja, D. R. (1990). Relative contributions of greenhouse gas emissions to 
global warming. Nature, 344(6266), 529.  
Lavigne, M. B., & Ryan, M. G. (1997). Growth and maintenance respiration rates of aspen, 
black spruce and jack pine stems at northern and southern BOREAS sites. Tree 
Physiology, 17(8-9), 543-551.  
Lean, J. (1991). Variations in the sun's radiative output. Reviews of Geophysics, 29(4), 505-
535.  
Leopold, L. B., & Dunne, T. (1978). Water in environmental planning. New York, 818p,  
Letey, J., Jury, W. A., Hadas, A., & Valoras, N. (1980). Gas diffusion as a factor in laboratory 
incubation studies on denitrification 1. Journal of Environmental Quality, 9(2), 223-227.  
Li, C. (2009). User's guide for the DNDC model (version 9.3). Institute for the Study of Earth, 
Oceans, and Space.University of New Hampshire, Durham, NH,  
Li, C. S. (2000). Modeling trace gas emissions from agricultural ecosystems. In R. 
Wassmann, R. S. Lantin & H. Neue (Eds.), Methane emissions from major rice 
ecosystems in asia (pp. 259-276). Dordrecht: Springer Netherlands. doi:10.1007/978-94-
010-0898-3_20  
Li, C., Aber, J., Stange, F., Butterbach‐Bahl, K., & Papen, H. (2000). A process‐oriented 
model of N2O and NO emissions from forest soils: 1. model development. Journal of 
Geophysical Research: Atmospheres, 105, 4369-4384. doi:10.1029/1999JD900949 
Li, C., Farahbakhshazad, N., Jaynes, D. B., Dinnes, D. L., Salas, W., & McLaughlin, D. 
(2006). Modeling nitrate leaching with a biogeochemical model modified based on 
observations in a row-crop field in iowa doi://doi.org/10.1016/j.ecolmodel.2006.02.007 
Li, C., Frolking, S., & Frolking, T. A. (1992). A model of nitrous oxide evolution from soil 
driven by rainfall events: 1. model structure and sensitivity. Journal of Geophysical 
Research: Atmospheres, 97(D9), 9759-9776. doi:10.1029/92JD00509 
  
McGill, W. B. (1981). PHOENIX, a model of the dynamics of carbon and nitrogen in 
grassland soil. Terrestrial Nitrogen Cycles,  
Millington, R. J., & Quirk, J. P. (1961). Permeability of porous solids. Transactions of the 
Faraday Society, 57, 1200-1207.  
Molina, J., Clapp, C. E., Shaffer, M. J., Chichester, F. W., & Larson, W. E. (1983a). 
NCSOIL, A model of nitrogen and carbon transformations in soil: Description, 
calibration, and behavior 1. Soil Science Society of America Journal, 47(1), 85-91.  
Molina, J., Clapp, C. E., Shaffer, M. J., Chichester, F. W., & Larson, W. E. (1983b). 
NCSOIL, A model of nitrogen and carbon transformations in soil: Description, 
calibration, and behavior 1. Soil Science Society of America Journal, 47(1), 85-91.  
Morris, J. T., & Dacey, J. W. (1984). Effects of O2 on ammonium uptake and root respiration 
by spartina alterniflora. American Journal of Botany, 71(7), 979-985.  
Müller, M. M., Sundman, V., & Skujinš, J. (1980). Denitrification in low pH spodosols and 
peats determined with the acetylene inhibition method. Applied and Environmental 
Microbiology, 40(2), 235-239.  
Nouchi, I., Hosono, T., Aoki, K., & Minami, K. (1994). Seasonal variation in methane flux 
from rice paddies associated with methane concentration in soil water, rice biomass and 
temperature, and its modelling. Plant and Soil, 161(2), 195-208.  
Parton, W. J., Stewart, J. W. B., & Cole, C. V. (1988). Dynamics of C, N, P and S in 
grassland soils: A model. Biogeochemistry, 5(1), 109-131. doi:10.1007/BF02180320 
Pirt, S. J. (1965). The maintenance energy of bacteria in growing cultures. 
Proc.R.Soc.Lond.B, 163(991), 224-231.  
R.Krobel. (2009). Validation and evaluation of the DNDC model to simulate soil water 
content, mineral N and N2O emission in the north china plain.  
Sass, R. L., Fisher, F. M., Harcombe, P. A., & Turner, F. T. (1990). Methane production and 
emission in a texas rice field. Global Biogeochemical Cycles, 4(1), 47-68.  
Schütz, H., Seiler, W., & Conrad, R. (1989). Processes involved in formation and emission of 
methane in rice paddies. Biogeochemistry, 7(1), 33-53.  
Sellers, W. D. (1965). Biblioteca conmemorative orton. Physical Climatology,  
Shokry, A., & Espuña, A. (2014a). Sequential dynamic optimization of complex nonlinear 
processes based on kriging surrogate models. Procedia Technology, 15, 376-387.  
Shokry, A., & Espuña, A. (2014b). Sequential dynamic optimization of complex nonlinear 
processes based on kriging surrogate models doi://doi.org/10.1016/j.protcy.2014.09.092 
Spitters, C., Toussaint, H., & Goudriaan, J. (1986). Separating the diffuse and direct 
component of global radiation and its implications for modeling canopy photosynthesis 
part I. components of incoming radiation. Agricultural and Forest Meteorology, 38(1-3), 
217-229.  
  
Turner, L. K., & Collins, F. G. (2013). Carbon dioxide equivalent (CO2-e) emissions: A 
comparison between geopolymer and OPC cement concrete 
doi://doi.org/10.1016/j.conbuildmat.2013.01.023 
van Iersel, M. W., & Seymour, L. (2000). Growth respiration, maintenance respiration, and 
carbon fixation of vinca: A time series analysis. Journal of the American Society for 
Horticultural Science, 125(6), 702-706.  
Vanbavel, C. H., & Lascano, R. J. (1982a). CONSERVB: A numerical method to compute 
soil water content and temperature profiles under a bare surface. 
Vanbavel, C. H., & Lascano, R. J. (1982b). CONSERVB: A numerical method to compute 
soil water content and temperature profiles under a bare surface. 
Wassmann, R., Papen, H., & Rennenberg, H. (1993). Methane emission from rice paddies and 
possible mitigation strategies. Chemosphere, 26(1-4), 201-217.  
worldometers. (2019). World population clock.  
Xu, X., Shi, Z., Li, D., Rey, A., Ruan, H., Craine, J. M., . . . Luo, Y. (2016). Soil properties 
control decomposition of soil organic carbon: Results from data-assimilation analysis. 
Geoderma, 262, 235-242.  
Zhang, Y., Li, C., Zhou, X., & Moore, B. (2002). A simulation model linking crop growth and 
soil biogeochemistry for sustainable agriculture doi://doi.org/10.1016/S0304-
3800(01)00527-0 
  
 
  
  
Appendix 1 DNDC model equations 
𝑄𝑖,𝑖−1 = −𝐾𝑖,𝑖−1 ∙ (ℎ𝑖 − ℎ𝑖−1)/(𝑧𝑖 − 𝑧𝑖−1) 
Soil water flow (layer 𝑖 − 1 
→ layer 𝑖) 
(Vanbave
l & Lascano, 
1982b) 
ℎ𝑖 = 𝜙𝑖 − 𝑧𝑖 Hydraulic head for level i 
𝑄𝑏 = 𝑓 ∙ 𝐾𝑏𝑙  
Soil water flow at bottom of 
profile 
1) 𝜙 = 𝜙𝑠𝑎𝑡 ∙ (𝜃𝑖)
−𝛽,      𝑖𝑓 𝜃 < 𝑊∗ 
2) 𝜙 = −𝑚1 ∙ (𝑊∗ − 𝑚2)(𝑊∗ − 1), 𝑖𝑓 𝜃 ≥ 𝑊∗ 
𝑚1 = 𝑦∗(1 − 𝑊∗)
2 − 𝑦∗ ∗
𝛽
[𝑊∗ ∙ (1 − 𝑊∗)]
 
𝑚2 = 2𝑊∗ − 1 −  𝑦∗𝛽/(𝑚1𝑊∗) 
Water retention relation 
𝐾/𝐾𝑠𝑎𝑡 = 𝜃
(2𝛽+3) 
Soil relative hydraulic 
conductivity 
𝑑𝜃𝑖 = 𝑑𝑡 ∙ (𝜃𝑖,𝑖−1 − 𝜃𝑖+1,𝑖)/(𝑛 ∙ 𝑙𝑖) Water conservation 
𝑞𝑠 = −𝑘1 ∙ (𝑇1 − 𝑇𝑎𝑖𝑟)/(𝑧1 − 0) Soil heat flux at surface 
(Li, 
Changsheng et 
al., 1992) 
𝑞𝑖,𝑖−1 = −𝑘𝑖,𝑖−1 ∙ (𝑇𝑖 − 𝑇𝑖−1)/(𝑧𝑖 − 𝑧𝑖−1) 
Soil heat flux (layer 𝑖 − 1 
→ layer 𝑖) 
𝑞𝑏 = 𝑘𝑏𝑙 ∙ (𝑇𝑏𝑙 − 𝑇𝑚𝑒𝑎𝑛)/(𝑧𝑏𝑙 − 𝑧𝑑𝑒𝑒𝑝) 
Soil heat flux at bottom of 
profile 
𝑘𝑖 = (1 − 𝑛) ∙ 𝑘𝑑𝑟𝑦 + 𝑛 ∙ 𝜃𝑖 ∙ 𝑘𝑤𝑎𝑡𝑒𝑟 
𝑘𝑖 = (1 − 𝑛) ∙ 𝑘𝑜𝑚 + 𝑛 ∙ 𝜃𝑖 ∙ 𝑘𝑤𝑎𝑡𝑒𝑟  
Soil thermal conductivity 
𝐶𝑖 = (𝑟𝑠𝑜𝑖𝑙 ∙ 𝑐𝑠𝑜𝑖𝑙) + (𝑛 ∙ 𝑞𝑖 ∙ 𝑟𝑤𝑎𝑡𝑒𝑟 ∙ 𝑐𝑤𝑎𝑡𝑒𝑟) 
Soil layer volumetric heat 
capacity 
𝑑𝑇𝑖 = 𝑑𝑡 ∙ (𝑞𝑖,𝑖−1 − 𝑞𝑖+1,𝑖)/(𝐶𝑖 ∙ 𝑙𝑖) Energy conservation 
𝐸0 = 𝐷𝐴𝑌1(1.6/𝑁𝑀) ∙ (10 ⋅ 𝑇𝑛
∗ ∕ 𝐼)𝑎 
𝐼 = ∑ (
𝑇𝑛
∗
5
)1.5
12
𝑛−1
 
𝑎 = 0.49 + 0.079𝐼 − 7.71𝑒−5𝐼2 + 6.75𝑒−7𝐼3 
Potential evapotranspiration 
(Leopold 
& Dunne, 1978) 
1) 𝐸 = 𝐸0, 𝑖𝑓 𝜃 ≥ 𝜃𝑓𝑐  
2) 𝐸 = 𝐸0 ∙
𝜃−𝜃𝑤𝑝
𝜃𝑓𝑐−𝜃𝑤𝑝
,  
𝑖𝑓 𝜃𝑓𝑐 > 𝜃 > 𝜃𝑤𝑝 
3) 𝐸 = 0, 𝑖𝑓 𝜃 < 𝜃𝑤𝑝 
Reduction of ET due to soil 
moisture 
(Sellers, 
1965) 
𝑑𝐶/𝑑𝑡 = 𝜇𝐶𝐿𝐴𝑌 ∙ 𝜇𝐶𝑁 ∙ 𝜇𝑡𝑛 ∙ (𝑆 ∙ 𝑘1 + (1 − 𝑆) ∙ 𝑘𝑟) 
𝜇𝐶𝐿𝐴𝑌 = 𝑙𝑜𝑔 (
0.14
𝐶𝐿𝐴𝑌
) + 1 
𝜇𝐶𝑁 = 0.2 + 7.2/(𝐶𝑃/𝑁𝑃) 
Carbon pool decomposition 
rate 
(Molina 
et al., 1983a) 
𝑅𝑐 = 𝐵/𝑒𝑓𝑓 = 𝐵 + 𝐶𝑂𝑃 
Biomass production and 
CO2 evolution during residue 
decomposition 
𝐹𝐼𝑋𝑁𝑁𝐻4 = [0.41 − 0.47 ∙ 𝑙𝑜𝑔(𝑁𝐻4)]
∙ (
𝐶𝐿𝐴𝑌
𝐶𝐿𝐴𝑌𝑚𝑎𝑥
) 
Ammonium adsorption 
(Gardner, 
1965) 
  
𝑙𝑜𝑔(𝐾𝑁𝐻4) − 𝑙𝑜𝑔(𝐾𝐻2𝑂) = 𝑙𝑜𝑔 (
𝑁𝐻4𝑚
𝑁𝐻3𝑚
) + 𝑝𝐻 
𝑁𝐻3𝑚 = 10^{𝑙𝑜𝑔(𝑁𝐻4𝑚) − (𝑙𝑜𝑔(𝐾𝑁𝐻4)
− 𝑙𝑜𝑔(𝐾𝐻2𝑂) + 𝑝𝐻}
∙ (
𝐶𝐿𝐴𝑌
𝐶𝐿𝐴𝑌𝑚𝑎𝑥
) 
Transformation of ammonia 
to ammonium 
𝐴𝑀 = 2 ∙ (𝑁𝐻3) ∙ (𝐷 ∙ 𝑡/3.14) ∙0.5 Ammonia volatilization 
𝑑𝑁𝑁𝑂 = 𝑁𝐻4(𝑡) ∙ [1 − 𝑒𝑥𝑝(−𝐾35 ∙ 𝜇𝑡,𝑛 ∙ 𝑑𝑡)] ∙ 𝜇𝑚,𝑛 Nitrification rate (McGill, 
1981) 
 
𝑁2𝑂 = (0.0014 ∙ 𝑁𝐻4/30.0) ∙ (0.54 + 0.51 ∙ 𝑇)/15.8 
N2O emitted during 
nitrification 
𝜇𝑡,𝑑𝑚 =  2
(𝑇−22.5)/10, 𝑖𝑓 𝑇 < 60℃ 
𝜇𝑡,𝑑𝑚 = 0, 𝑖𝑓 𝑇 ≥ 60℃ 
Temperature reduction 
factor 
(Focht & 
Verstraete, 1977) 
𝜇𝑃𝐻𝑁𝑂3 = (𝑝𝐻 − 3.8) ∗ 7.14/22.8 
𝜇𝑃𝐻𝑁𝑂2 = 1.0 
𝜇𝑃𝐻𝑁2𝑂 = (𝑝𝐻 − 4.4) ∗ 7.22/18.8 
pH reduction factor 
(Müller, 
Sundman, & 
Skujinš, 1980) 
(
𝑑𝐵
𝑑𝑡
)𝑔 = 𝜇𝐷𝑁 ∗ 𝐵𝐼𝑂(𝑡) Denitrifier growth rate 
(Pirt, 
1965) 
𝑢𝐷𝑁=𝜇𝑡,𝑑𝑚(𝑢𝑁𝑂3 ∗ 𝜇𝑃𝐻𝑁𝑂3 + 𝑢𝑁𝑂2 ∗ 𝜇𝑃𝐻𝑁𝑂2 +
𝑢𝑁2𝑜∗𝜇𝑃𝐻𝑁2𝑂) 
Relative denitrifier growth 
rate 
𝑢𝑁𝑥𝑂𝑦 =
𝐶
(𝐾𝑐,1/2 + 𝐶)
∗
𝑁𝑥𝑂𝑦
𝐾
𝑁𝑥𝑂𝑦,
1
2
+ 𝑁𝑥𝑂𝑦
∗ 𝑢𝑁𝑥𝑂𝑦 , 𝑚𝑎𝑥 
Maximum denitrifier 
growth rate 
(𝑑𝐵𝐼𝑂/𝑑𝑡)𝑑 =  𝑀𝑐 ∗  𝑌𝑐 ∗  𝐵𝐼𝑂(𝑡) Denitrifier Death Rate 
𝑑𝐶𝑐𝑜𝑛
𝑑𝑡
= (
𝑢𝐷𝑁
𝑌𝑐
+ 𝑀𝑐 )  ∗  𝐵𝐼𝑂(𝑡) 
Consumption of soluble 
carbon (Bader, 
1978) 𝑑𝐶𝑂2
𝑑𝑡
=
𝑑𝐶𝑐𝑜𝑛
𝑑𝑡
− (
𝑑𝐵
𝑑𝑡
)𝑔 CO2 production 
𝑑𝑁𝑥𝑂𝑦
𝑑𝑡
= (
𝑢𝑁𝑥𝑂𝑦
𝑌𝑁𝑥𝑂𝑦
+
𝑁𝑥𝑂𝑦
𝑁
∗ 𝑀𝑁𝑥𝑂𝑦) ∗  𝐵𝐼𝑂(𝑡) ∗ 𝜇𝑃𝐻𝑁𝑥𝑂𝑦
∗ 𝜇𝑡,𝑑𝑚 
Nitrate, nitrite, and nitrous 
oxide consumption 
(Letey et 
al., 1980) 
(𝑑𝑁/𝑑𝑡)𝑎𝑠𝑠𝑚 =
1
𝐶𝑁𝑅𝐷𝑁
∗ (
𝑑𝐵
𝑑𝑡
)𝑔 Nitrogen assimilation rate 
𝑃(𝑁2) = 0.017 − ((0.025 − 0.0013 ∗ 𝐴𝐷) ∗ 𝑃𝐴 
Fraction of evolved N2 
emitted from soil 
𝑃(𝑁2𝑂) = (0.0006 + 0.0013 ∗ 𝐴𝐷)
+ (0.013 − 0.005 ∗ 𝐴𝐷) ∗ 𝑃𝐴 
Fraction of evolved N2O 
emitted from soil 
𝑃𝑀𝐵𝑌 = 𝑃𝑀𝐺𝑌/𝐺𝑓 
 
Potential maximum biomass 
yield (Changsh
eng Li et al., 
1994) 
𝑃𝑀𝑁𝑈 = 𝑃𝑀𝐵𝑌/𝑅𝐶𝑁 
Crop potential maximum N 
uptake 
𝑁𝑢𝑝 ∗= 𝐹𝐺 ∙ 𝑃𝑀𝑁𝑈 − 𝑁𝑐𝑟𝑜𝑝 The potential N uptake 
𝑅𝑂𝑂𝑇𝐶𝑂2 = (𝑅𝑛𝑢 ∙ 𝑁𝑈 + 𝑅𝑟𝑔 ∙ 𝑅𝐺 + 𝑅𝑟𝑏 ∙ 𝑅𝐵)
∙ 2.5(𝑇−20)/10 ∙ 𝑀𝐹 ∙ 𝑅𝑂𝑂𝑇𝐴𝐺𝐸 
Root respiration 
(Morris 
& Dacey, 1984) 
  
𝑑𝐺/𝑑𝑡 =  0.0166 
𝐷𝑂𝐶
1 + 𝐷𝑂𝐶 
 +  
𝐹𝑚
1 + 𝐹𝑚
 
Relative growth rate of 
nitrifiers 
(Blagodat
sky et al., 1998) 
𝑑𝐷/𝑑𝑡 =  0.008 ∙ 𝐵𝐼𝑂 ∙  
1 + 𝐹𝑚
1 + 𝐷𝑂𝐶 
 
Relative death rate of 
nitrifiers 
𝑑𝐵𝐼𝑂/𝑑𝑡 =  (𝑑𝐺/𝑑𝑡 –  𝑑𝐷/𝑑𝑡)  ∗  𝐵𝐼𝑂 ∗  𝐹𝑡  ∗   𝐹𝑚 
𝐵𝐼𝑂 =  ∫ 24𝑑𝐵𝐼𝑂/𝑑𝑡 
Net increase in nitrifier 
biomass 
𝑅𝑛 =  0.005[𝑁𝐻4+] ×  𝐵𝐼𝑂 ×  𝑝𝐻 
Nitrification rate (kg 
N/ha/day) 
 𝐹𝑡  =  3.503
(60.0−𝑇/(60.0−34.22) 
∗  𝑒3.503∗(𝑇−34.22)/(60.0−34.22) 
Temperature factor 
𝐹𝑚 =  0.8 +  0.21 ∗  (1.0 −  𝑤𝑓𝑝𝑠), 𝑖𝑓 𝑤𝑓𝑝𝑠 >  0.05 
𝐹𝑚 =  0, 𝑖𝑓 𝑤𝑓𝑝𝑠 ≤  0.05; 
Moisture factor 
𝑁𝑂 =  0.0025 ∗  𝑅𝑛  ∗   𝐹𝑡 
Nitrification-induced NO 
(kg N/ha/d) 
(Johansso
n & Granat, 
1984) 𝑁2𝑂 =  0.0024 ∗ 𝑅𝑛 
Nitrification-induced N2O 
(kg N/ha/d) 
𝐺𝑅𝑁𝑂𝑥 =  𝐹𝑡 ×  𝐺𝑅𝑚𝑎𝑥 
𝐶
𝐾𝐶 + 𝐶
∙
𝑁𝑂𝑥
𝑘𝑛 + 𝑁𝑂𝑥
 
Relative growth rate of 
NOx denitrifiers (1/h) 
(Bader, 
1978) 
𝐺𝑅 =  𝐹𝑡 ∗ (𝐺𝑅𝑁𝑂3  ∗  𝑃𝐻1 + 𝐺𝑅𝑁𝑂2   ∗  𝑃𝐻2 +  𝐺𝑅𝑁𝑂 
∗  𝑃𝐻3 +  𝐺𝑅𝑁2𝑂 ∗  𝑃𝐻4) 
 𝐹𝑡  =  𝑎 ∗ 2
(𝑇 − 22.5) / 10.0 
𝑃𝐻𝑥 = 𝑎(𝑝𝐻 − 𝑏) 
Relative growth rate of total 
denitrifiers (1/h) 
a) Growth rate : (𝑑𝐵𝐼𝑂/𝑑𝑡)𝑔 
=  𝐺𝑅 ∗  𝐵𝐼𝑂(𝑡) 
b) 𝐷𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒: (𝑑𝐵𝐼𝑂/𝑑𝑡)𝑑 =  𝑀𝑐 ∗  𝑌𝑐 ∗  𝐵𝐼𝑂(𝑡) 
c) 𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒: 
𝑑𝐶/𝑑𝑡 =  (𝐺𝑅 / 𝑌𝑐 +  𝑀𝑐)  ∗  𝐵𝐼𝑂(𝑡) 
 
Denitrifier growth/death 
and consumption of soluble carbon 
(kg C/m3/h) 
(Pirt, 
1965) 
𝑑𝑁𝑂𝑥 = (
𝐺𝑅𝑁𝑂𝑥
𝑌𝑁𝑂𝑥
+ 𝑀𝑁𝑂𝑥
𝑁𝑂𝑥
𝑁
) 𝐵𝐼𝑂(𝑡) 
Consumption rates of N 
oxides (kg N/m3/h) 
(𝑑𝑁/𝑑𝑡)𝑎 =  (𝑑𝐵𝐼𝑂/𝑑𝑡)𝑔/ 𝐶𝑁 
Nitrogen assimilation rate 
(kg N/m3/h) 
a) 𝑁𝑂 𝑎𝑛𝑑 𝑁2𝑂: 𝑑𝑖𝑓𝑓𝑢𝑠𝑒 =  (0.0006 +
0.0013 ∗ 𝐴𝐷) + (0.013 − 0.005 ∗ 𝐴𝐷) ∗
𝑃𝐴 ∗ (1 − 𝑎𝑛𝑣𝑓) 
b) N2: diffuse=0.017+((0.025-
0.0013*AD)*PA*(1-anvf) 
NO, N2O and N2 diffusion 
rates (%) 
(Changsh
eng Li et al., 
1994) 
𝐶𝐻4𝑝 =  𝑎 ∗  𝐴𝐶 ∗   𝐹𝑡; 
 𝐹𝑡  =  𝑏 ∗  𝑒
(0.2424 ∗ 𝑇) 
CH4 production rate (kg 
C/ha/d) 
(Wassma
nn, Papen, & 
Rennenberg, 
1993) 
𝐶𝐻4𝑜 =  𝐶𝐻4[𝑙]  ∗  𝑒(8.6711 ∗ 𝐸ℎ[𝑙] / 1000) 
CH4 oxidation rate (kg 
C/ha/d) 
(Schütz et 
al., 1989) 
𝐶𝐻4(𝑎𝑒𝑟𝑒)  =  0.5 ∗  𝐶𝐻4[𝑙]  ∗  𝐴𝐸𝑅𝐸 
CH4 flux through plant 
aerenchyma (kg C/ha/d) 
(Sass et 
al., 1990) 
  
𝐴𝐸𝑅𝐸 =  −0.0009 ∗ 𝑃𝐺𝐼5 + 0.0047 ∗ 𝑃𝐺𝐼4 
− 0.883 ∗ 𝑃𝐺𝐼3 + 1.9863
∗ 𝑃𝐺𝐼2 − 0.3795 ∗ 𝑃𝐺𝐼
+ 0.0251 
𝑃𝐺𝐼 =  
(𝑑𝑎𝑦𝑠 𝑠𝑖𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑡𝑖𝑛𝑔)
(𝑠𝑒𝑎𝑠𝑜𝑛 𝑑𝑎𝑦𝑠)
; (𝑝𝑙𝑎𝑛𝑡 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛𝑑𝑒𝑥) 
𝐶𝐻4(𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛)  =  0.025 ∗  𝐶𝐻4[𝑙]  ∗  𝑃𝑂𝑅𝑂 
∗  𝐹𝑡 ∗  (1 −  𝐴𝐸𝑅𝐸) 
𝐹𝑡 =  −0.1687 ∗ (0.1 ∗ 𝑇[𝑙])3  + 1.167
∗ (0.1 ∗ 𝑇[𝑙])2 − 2.0303 ∗ (0.1
∗ 𝑇[𝑙]) + 1.042 
CH4 flux through ebullition 
(kg C/ha/d) 
(Nouchi, 
Hosono, Aoki, & 
Minami, 1994) 
𝑅𝑑 = 0.01 ∗ (𝐶𝐻4[𝑙] − 𝐶𝐻4[𝑙 + 1]) ∗ 𝑇[𝑙]
∗ 𝑃𝑂𝑅𝑂 
CH4 diffusion rate 
(Changsh
eng Li et al., 
1994) 
[𝑁𝐻3]  =  
[𝑁𝐻𝐾4][𝑂𝐻]
𝐾𝑎
 
𝐾𝑎 =  (1.416 +  0.01357𝑇) ×  10
−5 
[𝑂𝐻]  =  
𝐾𝑤
𝐻
 
[𝐻+]  =  10−𝑝𝐻 
𝐾𝑤 =  10(0.08946+0.03605𝑇) ×10
−15
 
NH3 concentration in liquid 
phase (mol/l) 
𝑁𝐻3(𝑔) = [𝑁𝐻3(𝑙)](
𝑇
𝑇0
)2 
𝐹𝑙𝑢𝑥(𝑁𝐻3)  =  𝑁𝐻3(𝑔) ×  𝐴𝐹𝑃𝑆 
NH3 concentration in gas 
phase and flux (kg N/ha) 
(Glasston
e, 1951) 
Vg = MaxVg * F(plant-N) * F(lsm) 
F(plant-N) = Plant-N(act) / Plant-N(opt) 
F(lsm) = LSM(act) / LSM(max); 
PlantUp(NH3) = Vg * Air(NH3) * LAI * 0.864 
Air(NH3) = Base(NH3) + Flux(NH3) * 10^9 / V(canopy) * 
LAI / (LAI + k2) * k3 
V(canopy) = Height * 10000 
NH3 deposit (kg N/ha/d) 
(Changsh
eng Li et al., 
1994) 
𝐷𝑠[𝐿] = (
𝑎𝑓𝑝𝑠[𝐿]
3.33
𝑎𝑓𝑝𝑠𝑚𝑎𝑥[𝐿]
2.0 ) ∗ 𝐷𝑎𝑖𝑟 
Oxygen diffusion 
coefficient in the soil 
(Millingt
on & Quirk, 
1961) 
𝐷𝑠[𝐿] = 𝐷𝑠[𝐿] ∗ 𝐹𝑓𝑟𝑜𝑠𝑡 
Oxygen diffusion rate 
affected by frost 
𝑑(𝑝𝑂2[𝐿]) =
(
𝑑 (
𝐷𝑠[𝐿] ∗ 𝑝𝑂2[𝐿]
𝑑𝑧
)
𝑑𝑧 − 𝑅)
𝑎𝑓𝑝𝑠
 
Oxygen partial pressure 
𝑎𝑛𝑓𝑣𝐿 = 𝑎 ∗ (1 − (𝑏 −
𝑝𝑂2[𝐿]
𝑝𝑂2𝑎𝑖𝑟
)) 
Volumetric fraction of 
anaerobic microsites (Li, 
Changsheng, 
Aber, Stange, 
Butterbach‐Bahl, 
& Papen, 2000) 
𝑣 = 𝐷𝑚𝑎𝑥 ∗ 𝑎𝑓𝑝𝑠 ∗ (1 − 𝑎𝑛𝑣𝑓) ∗ 𝐹𝑐𝑙𝑎𝑦 ∗ 2
𝑇/20
 
𝐹𝑐𝑙𝑎𝑦 = 0.13 − 0.079 ∗ 𝑐𝑙𝑎𝑦 
Gas diffusion factor 
𝑅𝑐ℎ𝑒𝑚 = 𝑎 ∗ 𝑅𝑛 ∗ 𝐹𝑡 ∗ 𝐹𝑝𝐻 
𝐹𝑡 = 0.03 ∗ 𝑇 + 0.2 
𝐹𝑝𝐻 = 2236 ∗ 𝑒
−2.5∗𝑝𝐻
 
Chemodenitrification 
  
 
Appendix 2 DNDC model notations 
Variables: 
𝑞𝑠 Soil heat flux at surface, 𝐽/𝑠 
𝑞𝑖 
𝑖 = 1,2,3 … 𝑛 
Soil heat flux, 𝐽/𝑠 
When 𝑖 = 1 is at surface (QS)and 𝑖 = 𝑏 is at the bottom (𝑞𝑏𝑙) 
𝑞𝑏 Soil heat flux at the bottom of profile, 𝐽/𝑠 
𝑇𝑖 
𝑖 = 1,2,3 … 𝑛 
Temperature for level 𝑖, ℃ 
When i= 1 is at surface (𝑇1) and 𝑖 = 𝑏 is at the bottom (𝑇𝑏𝑙) 
𝑇𝑏𝑙 Temperature at the bottom of the profile, ℃ 
𝑑𝑇𝑖 Change in soil temperature 
𝑑𝑄[𝑖] Heat duty 
𝑘𝑏𝑙  Average thermal conductivity at the bottom of the profile, J ∙ cm ∙ G
−1 ∙ ℃−1 
𝐶𝑖  Soil layer volumetric heat capacity, 𝐽 ∙ 𝐾
−1 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
𝑄𝑖,𝑖−1 
Flow of water per unit area from layer i-1 to I, cm/s 
When 𝑖 = 1 is at surface (QS)and 𝑖 = 𝑏 is at the bottom (𝑞𝑏𝑙) 
𝐾𝑖,𝑖−1 Average hydraulic conductivity of layers I and i-1, cm/s 
𝐾 Relative hydraulic conductivity, cm/s 
𝑃𝐸𝑇 Potential evapotranspiration, 𝑚/𝑑 
𝑃𝑇 Potential transpiration, 𝑚/𝑑 
𝑎𝑃𝐸𝑇 Coefficient for PET 
𝐼𝑃𝐸𝑇 Coefficient for PET 
𝑃𝐸 Potential evaporation, 𝑚/𝑑 
𝐷𝐵 Daily increase in crop biomass, 𝑘𝑔 ∙ ℎ𝑎−1 
WUE Water use efficiency, 𝑔 ∙ 𝑤𝑎𝑡𝑒𝑟 ∙ 𝑔−1 ∙ 𝑐𝑟𝑜𝑝 
𝐸𝑉 Evaporation of soil water 
𝐹𝑑[𝑖] Discharge water flow from layer i 
𝑊𝑎𝑡𝑒𝑟[𝑖] Water content in the layer i 
𝑑𝐶/𝑑𝑡 Carbon pool decomposition rate 
𝜇𝐶𝐿𝐴𝑌 Clay content reduction factor 
𝜇𝐶𝑁 C/N ratio reduction factor 
𝜇𝑡𝑛 Temperature reduction factor for nitrification 
𝜇𝑚𝑛 Moisture reduction factor for nitrification 
𝜇𝑡𝑑𝑚 Temperature reduction factor for denitrification 
CP Carbon produced by potential residue decomposition, kg ∙ C ∙ hA−1D−1 
NP 
Nitrogen produced by potential residue decomposition plus free NH4
+ And 
NO3
− In the soil, kg ∙ N ∙ hA−1 
𝑅𝐶 Total decomposed residue carbon, kg C 
B Total microbial biomass produced, kg C 
COP CO2 respired during residue decomposition, kg C 
  
FIXNH4 Proportion of adsorbed NH4
+ 
NH4 NH4
+ Concentration in the soil, kg N/ha 
𝑁𝐻4𝑚 NH4
+ Concentration in the liquid phase, mol/l 
𝑁𝐻3𝑚 NH3 Concentration in the liquid phase, mol/l 
AM Accumulated NH3 Loss at time t, mol/cM
3 
𝐷𝑛𝑛𝑜 Nitrification rate (NH4
+𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑡𝑜 NO3
−), kg ∙ N ∙ hA−1 ∙ 𝑑−1 
𝑁𝐻4(𝑡) Available NH4
+ At the time t, kg ∙ N ∙ hA−1 
(𝑑𝐵/𝑑𝑡)𝑔 Potential growth rate of the denitrifier biomass, kg ∙ C ∙ hA−1 ∙ 𝑑−1 
𝑢𝐷𝑁 Relative growth rate of denitrifiers (use 𝐺𝑅𝑁𝑂𝑋 To calculate) 
𝐵(𝑡) Total biomass of denitrifiers, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
(
𝑑𝐵
𝑑𝑡
)
𝑑
 Death rate of the denitrifier biomass, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 ∙ ℎ−1 
𝑑𝐶𝑐𝑜𝑛/𝑑𝑡 
Change in the total consumption of soluble carbon over time, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 ∙
𝑑−1 
𝑑𝐶𝑂2/𝑑𝑡 𝐶𝑂2 Production change over time, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝑑(𝑁𝑂3
−)/𝑑𝑡 
𝑑(𝑁𝑂2
−)/𝑑𝑡 
𝑑(𝑁2𝑂)/𝑑𝑡 
The change in substrate concentration over time
（𝑁𝑂3
−, 𝑁𝑂2
− 𝑜𝑟 𝑁2𝑂）,𝑘𝑔 𝑁 ℎ𝑎
−1𝑑−1 
𝜇𝑃𝐻𝑁𝑂3−  
𝜇𝑃𝐻𝑁𝑂2− = 1.0 
𝜇𝑃𝐻𝑁2𝑂 
Soil ph reduction factors 
(
𝑑𝑁
𝑑𝑡
)
𝑎𝑠𝑠𝑚
 Nitrogen assimilation rate of the denitrifiers, 𝑘𝑔 𝑁 ℎ𝑎−1𝑑−1 
𝑃(𝑁2) Emitted fraction of the total 𝑁2 Evolved in a day 
𝐴𝐷 Adsorption factor depending on clay content in the soil, range 0-2 
𝑃(𝑁2𝑂) Fraction of evolved 𝑁2𝑂 emitted from soil 
𝑃𝑀𝐵𝑌 Potential biomass yield, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝑃𝑀𝑁𝑈 Crop potential N uptake, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎−1 
𝑁𝑢𝑝 Daily potential N uptake, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎−1 ∙ 𝑑−1 
𝑅𝑂𝑂𝑇𝐶𝑂2 𝐶𝑂2 Produced by root respiration, mg ∙ C ∙ hA
−1 ∙ 𝑑−1 
𝑁𝑈 Plant daily N uptake, 𝑚𝑒𝑞−1 ∙ 𝑁 ∙ ℎ𝑎−1 ∙ 𝑑−1 
𝑅𝐺 Daily root growth, 𝑔 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 ℎ𝑎−1𝑑−1 
𝑅𝐵 Living root biomass, 𝑔 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 ℎ𝑎−1 
𝑀𝐹 Soil moisture proxy for oxygen availability 
𝑅𝑂𝑂𝑇𝐴𝐺𝐸 A factor representing the declining root respiration due to root age 
𝑑𝐺
𝑑𝑡
 Relative growth rate of nitrifiers, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝐷𝑂𝐶 Concentration of dissolved organic carbon, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝐹𝑚 Moisture factor 
𝑑𝐷
𝑑𝑡
 Relative death rate of nitrifiers, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
BIO Nitrifier biomass, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝑑𝐵𝐼𝑂
𝑑𝑡
 Net increase in nitrifier biomass, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
  
𝐹𝑡 Temperature factor of nitrification 
𝑅𝑛 Nitrification rate, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝑁𝑂 Nitrification-induced NO 
𝑁2𝑂 Nitrification-induced 𝑁2𝑂 
𝐺𝑅𝑁𝑂3− 
𝐺𝑅𝑁𝑂2− 
𝐺𝑅𝑁𝑂 
𝐺𝑅𝑁2𝑂 
Relative growth rate, 𝐼 ∙ ℎ𝑎−1 
𝐶𝑠𝑜𝑙𝑢𝑏𝑙𝑒 Soluble carbon concentration, 𝑘𝑔 ∙ 𝐶 ∙ 𝑚
−3 
𝐺𝑅 Total growth rate, 𝐼 ∙ ℎ−1 
𝑃𝐻𝑁𝑂3− 
𝑃𝐻𝑁𝑂2− 
𝑃𝐻𝑁𝑂 
𝑃𝐻𝑁2𝑂 
Ph factor on 𝑁𝑂3
−, 𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂 
𝑑𝐵𝐼𝑂/𝑑𝑡𝑔 Change in denitrifier biomass due to growth, 𝑘𝑔 ∙ 𝐶 ∙ 𝑚3 ∙ ℎ−1 
𝐵𝐼𝑂(𝑡) Denitrifier biomass at the time t, 𝑘𝑔 ∙ 𝐶 ∙ 𝑚3 
𝑑𝐶/𝑑𝑡 Change in the soluble carbon concentration, 𝑘𝑔 ∙ 𝐶 ∙ 𝑚3 
𝑑𝑁𝑜𝑥/𝑑𝑡 Change in N oxides concentration, 𝑘𝑔 ∙ 𝑁 ∙ 𝑚
3 ∙ ℎ−1 
𝑁𝑂3
− 
𝑁𝑂2
− 
𝑁𝑂 
𝑁2𝑂 
Concentration of 𝑁𝑂3
−, 𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂, 𝑘𝑔 ∙ 𝑁 ∙ 𝑚
−3 
𝑑𝑁/𝑑𝑡𝑎 Nitrogen assimilation rate, 𝑘𝑔 ∙ 𝑁 ∙ 𝑚
−3 ∙ ℎ−1 
𝑁𝑂𝑑𝑖𝑓𝑓 
𝑁2𝑂𝑑𝑖𝑓𝑓 
𝑁2𝑑𝑖𝑓𝑓 
Diffusion rates of 𝑁𝑂, 𝑁2𝑂, 𝑁2, % 
𝑎𝑛𝑣𝑓 Volume fraction of anaerobic microsites 
𝐶𝐻4𝑃 𝐶𝐻4 Production rate,  𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝐴𝐶 Available carbon concentration,  𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝐶𝐻4𝑂 𝐶𝐻4 Oxidation rate,  𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝐶𝐻4[𝑙] 𝐶𝐻4 Concentration at layer l , 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 
𝐸ℎ[𝑙] Soil redox potential at layer l 
𝐶𝐻4𝑎𝑒𝑟𝑒 𝐶𝐻4 Flux through the plant aerenchyma, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝐴𝐸𝑅𝐸 The factor estimating the amount of actual plant aerenchyma 
𝑃𝐺𝐼 Plant growth index 
𝐶𝐻4𝑒𝑏𝑜𝑙𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝐻4 Flux through the plant ebollution, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝐹𝑡,𝑒𝑏𝑜𝑙𝑙𝑢𝑡𝑖𝑜𝑛 Temperature factor on ebollution 
𝑇[𝑙] Temperature of layer l, ℃ 
𝑅𝑑 𝐶𝐻4 Diffusion rate, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝑁𝐻3[𝑙] 𝑁𝐻3Concentration in liquid phase, 𝑚𝑜𝑙 ∙ 𝐿
−1 
𝑁𝐻4
+ 𝑁𝐻4
+ Concentration,  𝑚𝑜𝑙 ∙ 𝐿−1 
  
𝑂𝐻− 𝑂𝐻−Concentration, 𝑚𝑜𝑙 ∙ 𝐿−1 
𝐾𝑎 𝑁𝐻4
+/𝑁𝐻3 Equilibrium constant (need calculation) 
𝐾𝑤 Water dissociation constant (need calculation) 
𝐻+ Proton concentration, 𝑚𝑜𝑙 ∙ 𝐿−1 
𝑁𝐻3[𝑔] 𝑁𝐻3Concentration in gas phase, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 
𝑉𝑔 𝑁𝐻3 Deposit, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 ∙ 𝑑−1 
𝐹𝑝𝑙𝑎𝑛𝑡−𝑁 Plant nitrogen factor 
𝐹𝑙𝑠𝑚 Leaf moisture factor 
𝑃𝑙𝑎𝑛𝑡𝑁𝑎𝑐𝑡 Crop N content, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 
𝑙𝑠𝑚𝑎𝑐𝑡 Water content on the leaf surface, cm 
𝑃𝑙𝑎𝑛𝑡𝑈𝑝𝑁𝐻3 Plant 𝑁𝐻3 Uptake, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 
𝐴𝑖𝑟𝑁𝐻3 𝑁𝐻3 Concentration in the canopy atmosphere 
𝐿𝐴𝐼 Leaf area index 
𝐷𝑆[𝑙] Oxygen diffusion coefficient in a soil layer l 
𝑎𝑓𝑝𝑠[𝑙] Air filled porosity in layer l 
𝐹𝑐𝑙𝑎𝑦 Clay factor 
𝑣 Gas diffusion factor, % 
𝑑𝑄𝑤 Heat release due to freezing water, 𝐽 ∙ 𝑙𝑎𝑦𝑒𝑟
−1 
𝑃𝐼𝑚𝑎𝑥 Daily maximum crop interception, cm 
𝑑𝑈𝑅𝐸𝐴 Hydrolysis of urea 
𝑉𝑜𝑟𝑔 Volume of organic matter, 𝑚3 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
𝑉𝑤𝑎𝑡𝑒𝑟 Volume of water matter, 𝑚
3 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
 
Parameters 
𝑇1 the temperature of layer 1 (soil surface), ℃ 
𝑇𝑎𝑖𝑟 air temperature, ℃ 
𝑘1 Soil thermal conductivity of layer 1(soil surface), J ∙ cm ∙ g
−1 ∙ ℃−1 
𝑘𝑑𝑟𝑦=0.029 Soil thermal conductivity, J ∙ cm ∙ g−1 ∙ ℃−1 
𝑘𝑜𝑚 = 0.0025 Organic matter thermal conductivity, J ∙ cm ∙ g
−1 ∙ ℃−1 
𝐶𝑠𝑜𝑖𝑙 Soil volumetric heat capacity, 𝐽 ∙ 𝐾
−1 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
𝐶𝑤𝑎𝑡𝑒𝑟  water volumetric heat capacity, 𝐽 ∙ 𝐾
−1 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
𝑧𝑖 
𝑖 = 1,2,3 … . 𝑛 
Depth of layer I, cm 
zbl represents bottom, zdeep is assumed to be 500 cm 
𝑇𝑚𝑒𝑎𝑛 Mean annual air temperature, ℃ 
𝑧𝑑𝑒𝑒𝑝 = 500 the depth, cm 
𝑧𝑏𝑙=50 the depth at the bottom of the profile, cm 
𝐾𝑠𝑎𝑡 Saturated hydraulic conductivity, cm/s 
𝐷𝐴𝑌 1/12 of the day’s hours of daylight 
𝑁𝑀 the number of the days in the month 
  
𝑇𝑛
′  the mean monthly air temperature of month n 
𝑓𝑙𝑑𝑐𝑎𝑝 Field capacity 
𝑘1𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 coefficient for discharge water flow 
𝑘2𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 coefficient for discharge water flow 
S labile fraction of organic C compounds in the pool 
𝑘1 specific decomposition rate (SDR) of labile fraction, d
−1 
𝑘𝑟 SDR of the resistant fraction, d
−1 
𝐶𝐿𝐴𝑌 soil clay fractional content 
Eff=0.6(amended soil) 
or 0.2(unamended) 
microbial efficiency for decomposing residues 
𝐶𝐿𝐴𝑌𝑚𝑎𝑥 =0.63 maximum clay fraction in model 
pH soil pH 
𝐾𝑁𝐻4 dissociation constant for NH4
+/NH3 equilibrium 
𝐾𝐻2𝑂 dissociation constant for H
+/𝑂𝐻− equilibrium 
D = 0.025 diffusion coefficient, cm2d−1 
t time, day 
𝐾35=25 nitrification rate at 35℃, mg ∙ kg
−1 ∙ soil ∙ d−1 
𝐾𝑐,1/2=0.017 Half-saturation value of soluble C, 𝑘𝑔 ∙ 𝐶 ∙ 𝑚−3 
𝐾𝑛 = 0.083 Half-saturation value of N oxides 
C mineralised carbon concentration in the soil, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝑀𝑐 = 0.0076 Maintenance coefficient of carbon, kg ∙  C ∙ kg
−1 ∙ 𝐶 ∙ ℎ−1 
𝑌𝑐 = 0.503 Maximum growth yield on soluble carbon, kg ∙  C ∙ kg
−1 ∙ 𝐶 
𝐶𝑁𝑅𝐷𝑁(𝑜𝑟 𝐶𝑁)=3.45 C/N ratio in denitrifiers 
𝑃𝐴 Air-filled fraction of the total porosity 
𝑃𝑀𝐺𝑌 Crop potential maximum grain yield, 𝑘𝑔 ∙ 𝐶 ∙ ℎ𝑎−1 
𝐺𝑓 The fraction of crop biomass C that is in the grain C pool at harvest 
𝑅𝐶𝑁 Crop C/N ratio 
𝐹𝐺 Crop fractional growth 
𝑁𝑐𝑟𝑜𝑝 Crop biomass N at the beginning of the day, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎−1 
𝑅𝑛𝑢=13.8 𝐶𝑂2 produced by roots due to N uptake, 𝑚𝑔 ∙ 𝐶 ∙ 𝑚𝑒𝑞
−1 ∙ 𝑁 
𝑅𝑟𝑔=19.19 𝐶𝑂2 produced by roots due to root growth, 𝑚𝑔 ∙ 𝐶 ∙ 𝑔
−1𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 
𝑅𝑟𝑏 = 0.288 Root maintenance respiration, 𝑚𝑔 ∙ 𝐶 ∙ 𝑔
−1𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 ∙ 𝑑−1 
𝑤𝑓𝑝𝑠 or 𝜃 Water filled pore space, %WFPS 
𝐺𝑅𝑁𝑂3−,𝑚𝑎𝑥 = 0.67 
𝐺𝑅𝑁𝑂2−,𝑚𝑎𝑥 = 0.67 
𝐺𝑅𝑁𝑂,𝑚𝑎𝑥 = 0.34 
𝐺𝑅𝑁2𝑂,𝑚𝑎𝑥 = 0.34 
Maximum growth rate of respective denitrifiers,  𝐼 ∙ ℎ−1 
𝑎 = 0.4 Parameter for pH calculation 
𝑏𝑁𝑂3− = 2.5 
𝑏𝑁𝑂2− = 3.0 
𝑏𝑁𝑂 = 3.5 
𝑏𝑁2𝑂 = 3.5 
Factor of impact of pH on 𝑁𝑂3
−, 𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂 
  
𝑌𝑁𝑂3− = 0.401 
𝑌𝑁𝑂2− = 0.428 
𝑌𝑁𝑂 = 0.151 
𝑌𝑁2𝑂 = 0.151 
Maximum 𝑁𝑂3
−, 𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂 denitrifier growth rate on soluble carbon, 
𝑘𝑔 ∙ 𝐶 ∙ 𝑘𝑔−1 ∙ 𝑁 
𝑀𝑁𝑂3− = 0.09 
𝑀𝑁𝑂2− = 0.035 
𝑀𝑁𝑂 = 0.079 
𝑀𝑁2𝑂 = 0.079 
Denitrifier maintenance coefficient on 𝑁𝑂3
−, 𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂 
𝑃𝑂𝑅𝑂 Soil porosity 
𝑇0 = 45 Reference temperature, ℃ 
𝐴𝐹𝑃𝑆 Soil air-filled porosity 
𝑉𝑔𝑚𝑎𝑥 = 0.05 Maximum deposit velocity, 𝑚/𝑠 
𝑃𝑙𝑎𝑛𝑡𝑁𝑜𝑝𝑡 Crop optimum N content, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎
−1 
𝑙𝑠𝑚𝑜𝑝𝑡 Maximum water content on the leaf surface, cm 
𝐵𝑎𝑠𝑒𝑁𝐻3 = 0.06 Background 𝑁𝐻3 concentration, 𝜇𝑔 ∙ 𝑚
−3 
𝑉𝑐𝑎𝑛𝑜𝑝𝑦 Volume of the room from ground to the top of canopy 
𝐻𝑒𝑖𝑔ℎ𝑡 Maximum height of plant, m 
𝑀𝑎𝑥𝐿𝐴𝐼 Maximum leaf area index 
𝐾2 
𝐾3 
Constant coefficients (unknown) 
𝐷𝑎𝑖𝑟 = 0.07236 Oxygen diffusion rate in the air, 𝑚
2 ∙ ℎ−1 
𝑎𝑠𝑜𝑖𝑙 Constant coefficient for soil volumetric heat capacity 
𝑉𝑠𝑜𝑖𝑙 Volume of soil, 𝑚
3 ∙ 𝑙𝑎𝑦𝑒𝑟−1 
𝐹𝑜𝑟𝑔 Organic fraction of soil 
𝐹𝑚𝑖𝑛 Mineral fraction of the soil 
𝑈𝑅𝐸𝐴 Urea concentration, 𝑘𝑔 ∙ 𝑁 ∙ ℎ𝑎−1 
 
